While much is known about how external cues affect neural circuits, less is known about how 1 8 internal states modify their function. We acutely food-deprived C. elegans and analyzed its 1 9 responses in integrating attractant and repellent signals. We show that food deprivation leads to a 2 0 reversible decline in repellent sensitivity; with no effect on appetitive behavior allowing animals 2 1 to engage in higher risk behavior. Multiple tissues including the intestine and body wall muscles 2 2 use a conserved transcription factor, MondoA, to detect the lack of food and release AEX-5 2 3 convertase processed peptides from dense core vesicles. Subsequently, ASI chemosensory 2 4 neurons use the DAF-2 insulin receptor and non-canonical signaling to integrate the tissue-2 5 released peptide signals modifying their stimulus-evoked adaptation rate. We suggest that 2 6 altering ASI neuronal dynamics affects its function and modifies behavior. Together, these 2 7 studies show how internal state signals modify sensory perception and risk assessment to 2 8 generate flexible behaviors. 2 9 3 0
Introduction 3 1
Food-deprived animals also do not alter locomotory speed indicating that their general 1 0 0 movement is not modified ( Figure S1B ). Also, this effect is not specific to diacetyl, as food-1 0 1 deprived animals also cross the copper barrier more when paired with other volatile attractants, 1 0 2 isoamyl alcohol or benzaldehyde ( Figure S1C ). The proportion of animals crossing the copper Table S1 ). Together, our results show that food-deprived 1 0 5 animals cross the repellent barrier more readily than well-fed animals. Next, we tested whether food deprivation affects the sensitivity to repellents or attractants 1 0 8 independently. We analyzed the behavior of well-fed and food-deprived animals on assay plates 1 0 9 with either copper or odor gradients alone. We found that food-deprived animals crossed the 1 1 0 copper barrier more readily than well-fed animals, suggesting that their responsiveness to copper 1 1 1 is reduced ( Figure 1C , Figure S1F and Table S1 ). In contrast, food-deprived animals did not alter 1 1 2 their attraction to diacetyl or other volatile attractants ( Figure 1C and Figure S1G ). Given the 1 1 3 small number of animals that cross the copper barrier alone ( Figure 1B , a high % increase from 1 1 4 well-fed value results from low integration index in the well-fed condition, Table S1), we 1 1 5 continued to pair copper with the diacetyl attractant for further analysis. We found that food- salt, but not quinine, 2-nonanone and other concentrations of fructose and salt ( Figure S1H ). We cues that C. elegans might have evolved to detect and reducing sensitivity to these cues enables Intestine and body wall muscles use MML-1, but not MXL-2 to sense the lack of food and 1 8 0 releases peptides to signal to the neurons 1 8 1
Our studies show that the lack of food inside the animal is responsible for the transient reduction in copper sensitivity. We hypothesized that internal tissues sense this lack of food and signal to novel. Also, we found that knocking down UNC-31 [CAPS protein required for peptide release 2 4 0 (Speese et al., 2007) ] in the intestine, body wall muscles or neurons also rendered animals unable 2 4 1 to modify their response in the integration assay after food deprivation ( Figure 3G ). Taken 2 4 2 together, these results suggest that while AEX-5 processing is required in the intestine, body wall 2 4 3 muscles and neurons, release of AEX-5 processed peptides from any of those tissues is sufficient 2 4 4 to reduce copper sensitivity after food deprivation. Moreover, our results also show that the 2 4 5 intestine and body wall muscles also use dense core vesicles to release peptides, a novel To localize the site of DAF-2 action, we analyzed the effect of rescuing this receptor in 2 6 8 different tissues. We found that expressing daf-2 under the neuronal, but not intestine or body various internal tissues. To identify the cognate ligand(s), we analyzed null mutants or RNA 2 7 2 interference knockdowns against each of the 40 insulin-like peptides (Hobert, 2013) . However, 2 7 3 we found that none of the gene mutants or knockdowns in these peptides affected the altered 2 7 4 integration response upon food deprivation (Table S2 ). We speculate that a combination of insulin-like or other peptide(s) might relay the lack of food signal from the intestine and other 2 7 6 tissues. Taken together, these results suggest that neuronally expressed DAF-2 receptors might 2 7 7 detect AEX-5 processed peptides that are released from multiple internal tissues. To localize DAF-2 function to individual neurons, we used cell-selective promoters and 2 8 0 generated transgenic animals. Previous studies have shown that three pairs of chemosensory 2 8 1 neurons ASI, ASH and ADL detect copper ions and generate avoidance response (Hilliard et al., 2 8 2 2002). Given that food deprivation alters the animal's response to copper ions specifically, we 2 8 3 tested whether DAF-2 was required in any of these sensory neurons. We found that restoring 2 8 4 DAF-2 to ASI, but not ASH or ADL was sufficient to restore normal behavior to daf-2 mutants 2 8 5 ( Figure 4B , Table S1 ). ASI-specific expression does not completely rescue the food-deprivation 2 8 6 driven daf-2 mutant behavioral phenotype suggesting that DAF-2 might also be required in 2 8 7 additional neurons. Together, these results suggest that ASI neurons use DAF-2 receptors to 2 8 8 detect internal tissue-released peptide(s) to modify integration behavior. To identify the components of the DAF-2 signaling in ASI neurons that integrate food status 2 9 3 signals, we analyzed gene mutants in candidate pathway components ( Figure 4C ). We observed 2 9 4 that mutants in the canonical insulin-signaling pathway components phosphoinositide 3-kinase 2 9 5 (PI3K, age-1), serine/threonine kinases AKT-1, AKT-2 (akt-1, akt-2), 3-phosphoinositide- Hansen, 2012). In contrast, mutants in serum and glucocorticoid inducible kinase-1 (sgk-1) are 2 9 9 defective in their copper sensitivity after food deprivation ( Figure 4D ). We found that restoring 3 0 0 SGK-1 function to ASI neurons specifically was sufficient for normal integration response in 3 0 1 food-deprived sgk-1 mutants ( Figure 4D ). SGK-1 has been previously shown to interact with the 3 0 2 mTORC2 complex including Rictor (Jones et al., 2009; Mizunuma et al., 2014) . We also tested 3 0 3 mutants in rict-1 (C. elegans Rictor) in our sensory integration assay and found that these 3 0 4 mutants are also unable to alter their behavior after food deprivation ( Figure 4D ). Similar to 3 0 5 SGK-1, we found that RICT-1 was also required in ASI neurons to restore normal food-3 0 6 deprivation behavior to rict-1 mutants ( Figure 4D ). These results suggest that SGK-1 and RICT- neurons downstream of DAF-2 receptors to reduce copper sensitivity after food deprivation. To test whether AEX-5 and DAF-2 function in the same pathway, we performed genetic 3 1 4 epistasis experiments. We generated an aex-5;daf-2 double mutant, which did not show any 3 1 5 additional defects when compared to either aex-5 or daf-2 single mutant ( Figure 4E ). We also 3 1 6
found that expressing AEX-5 in the intestine and DAF-2 in ASI sensory neurons restored normal 3 1 7 integration response after food deprivation ( Figure 4E ). Together, these data show that the 3 1 8 intestine released AEX-5 processed peptides are detected by ASI neurons using the DAF-2 3 1 9
receptors. These results suggest the following order for these signaling events: food deprivation 3 2 0 leads to lack of food within the animal, which is detected by the intestine and body wall muscles 3 2 1 using cytosolic MML-1 leading to the release of AEX-5 processed peptides that bind DAF-2 3 2 2 receptors and are processed by downstream SGK-1 and RICT-1 in ASI and other neurons to 3 2 3 reduce copper sensitivity and alter behavior. To test how food deprivation modifies neural function, we probed the activity of copper-sensitive 3 2 7 neurons using calcium imaging. We localized a genetically encoded calcium indicator activity in both neurons simultaneously. We also expressed the fluorescent mCherry protein in both well-fed and food-deprived conditions. We found that both well-fed and food-deprived animals responded similarly to long pulses (30 seconds) of repellent stimuli (data not shown). We then presented the repellent stimulus as 1-second pulses (1 second on, 1 second off) for 30 barrier (see Experimental Procedures). We found that well-fed ASI neurons responded to the 3 4 1 removal of copper stimuli with increasing fluorescence changes until a maximal fluorescence 3 4 2 change (peak). Subsequently, the ASI calcium signals dropped suggesting that this neuron had 3 4 3 adapted to the copper stimuli (black line indicates average, Figure 5A ). This result is consistent
with previous studies showing that adapted chemosensory neurons do not respond to stimuli 3 4 5 (Chalasani et al., 2010) . In contrast, under food-deprived conditions, ASI neurons had a higher 3 4 6 threshold requiring additional stimulus pulses to observe a calcium change. Moreover, we did 3 4 7 not observe a distinct maximal fluorescence or a decline in the calcium signal, suggesting that 3 4 8 ASI neurons did not adapt (green line indicates average, Figure 5A ). Moreover, in both well-fed 3 4 9
and food-deprived conditions, we observe an ASI calcium response to the removal of last copper 3 5 0 stimulus suggesting that there are additional calcium dynamics. Given that we observe food-3 5 1 deprivation modifies animal behavior as the animal experiences the copper barrier, we focused 3 5 2 our analysis on the calcium dynamics obtained in response to the repeated stimuli. We quantified 3 5 3 the average change in fluorescence in an 8-second window both before and after the peak in well-fed conditions and compared the data to a similar time window in the food-deprived 3 5 5 conditions ( Figure 5B ). We also tested ASI responses to additional copper stimulus removal of copper stimuli and can adapt to repeat stimulus pulses, which is altered by food 3 5 9 deprivation. Together, these data show that food deprivation increases the stimulus threshold and -14- We show a specific role for MML-1 (MondoA homolog), but not MXL-2 (Mlx homolog) in the 4 1 2 intestine and body wall muscles in reducing copper sensitivity after food deprivation. We suggest 4 1 3 that in the absence of MML-1, these two tissues are unable to detect the lack of glucose and do 4 1 4 not relay signals to modify the downstream neuronal circuits. Moreover, we also speculate that intestine and body wall muscle cells to release peptide(s) relaying a "lack of glucose" signal to 4 1 7 other tissues. Our analysis describes a role for the pro-protein convertases in modifying behavior upon 4 2 0 food deprivation. We show that while egl-3, bli-4 and kpc-1 mutants are defective in their 4 2 1 sensory integration response, aex-5 mutants are specifically affected in their response to food 4 2 2 deprivation. Moreover, we show that AEX-5 functions in the intestine, body wall muscles and 4 2 3 neurons to process relevant peptide(s). Previously, aex-5 has been shown to function in both the 4 2 4 body wall muscle cells and the intestine to regulate exocytosis at the neuromuscular junction and 4 2 5 the defecation motor program respectively (Doi and Iwasaki, 2002; Sheng et al., 2015) . However, our studies confirming a role for AEX-5 in neurons are novel. We suggest that C. 4 2 7 elegans neurons use a MML-1 independent mechanism to detect the lack of glucose and release status" signals from the intestine, body wall muscles and neurons to ASI sensory neurons. We 4 5 7 also find that non-canonical signaling pathway components are used downstream of DAF-2 to 4 5 8 integrate these peptide signals. Our results show that while PI-3Kinase, AKT kinase -1 and -2, Our genetic analysis shows that ASI chemosensory neurons integrate peptide signals and 4 6 9 modify integration response after food deprivation. ASI neurons have been previously shown to 4 7 0 detect food signals to modify animal behavior (Calhoun et al., 2015; Gallagher et al., 2013) . However, our results showing that ASI integrates internal food status signals are novel. Our imaging experiments show that ASH neurons respond to the copper pulses, before ASI 4 7 5
neurons, suggesting that ASH might be a low-threshold, while ASI is a high-threshold copper detector. This is consistent with previous results showing that ASH is crucial for copper threshold detector for food (Calhoun et al., 2015) . This dual coding strategy with high and low- context (Mease et al., 2013; Wark et al., 2009) . We observe a similar change in the ASI neural 4 9 7 activity, where it adapts to repeated stimulus pulses allowing them to read local concentration 4 9 8 gradients more effectively. In contrast, under food-deprived conditions, the adaptation rate is 4 9 9 reduced making these neurons insensitive to changes in copper stimuli. Moreover, we also show 5 0 0 that non-canonical insulin signaling mediates some aspects of food deprivation by altering neural 5 0 1 adaptation rates leading to flexible behaviors. We suggest that similar peptide signaling 5 0 2 pathways might exist across different animal species allowing their nervous systems to integrate 5 0 3 internal information like food deprivation, stress and others. We speculate that changes in ASI neuronal properties might underlie altered animal 5 0 6
behavior. We observe that food-deprived animals have fewer reorientations as they approach the 5 0 7 copper barrier allowing them cross the repellent and approach the attractant. In contrast, well-fed 5 0 8
animals have higher number of reorientations allow them to avoid the copper barrier. We suggest 5 0 9 that transforming ASI from a rapidly adapting to a non-adapting neuron prevents this neuron 5 1 0 from detecting local changes in copper leading to fewer reorientations and allowing the food-5 1 1 deprived animals to cross the copper barrier. These data are also consistent with previous studies showing that ASI neurons suppress reorientations indicating that animals with high ASI activity 5 1 3 will re-orient less (Gray et al., 2005) . These studies link metabolite sensing by internal tissues 5 1 4 with non-canonical insulin signaling that alters neuronal adaptation rate to modify chemosensory 5 1 5 behavior, a mechanism likely conserved across species. Control and food-deprived animals were grown to adulthood on regular nematode growth 5 2 3 medium (NGM) plates before they were washed and transferred to new food or food-free plates 5 2 4 respectively for the indicated duration. Sensory integration assay was performed on 2% agar solution across the midline of the plate (Ishihara et al., 2002) . Copper gradients were visualized 5 2 8 using dyes (see Extended Experimental Procedures). Prior to the assay, the animals were washed 5 2 9 from the food or food-free plates before being transferred to the assay plates. After 45 minutes or 5 3 0 at indicated times, the integration index was computed as the number of worms in the odor half 5 3 1 of the plate minus the worms in origin half of the plate divided by the total number of worms that 5 3 2 moved beyond the origin. The percent increase of food-deprived animals from well-fed controls integration index, divided by the averaged well-fed integration index. Nine or more assays were 5 3 5 performed on at least three different days. Two-tailed unpaired t tests (for Figure 1B only) and one sample t tests were used to obtain statistical information across food conditions. An ordinary Aztreonam-treated bacteria were prepared as previously described (Gruninger et al., RPM. Aztreonam-treated bacteria were immediately spread on plates also with 10 μg/ml 5 4 5 aztreonam, dried and used that day for behavior experiments. under an ASH and ASI selective promoter are trapped and imaged using a PDMS based 5 5 0 microfluidic device (Chalasani et al., 2007) . Expressing mCherry protein in the cytoplasm under 5 5 1 an ASI-specific promoter identified ASI neurons. Both ASI and ASH neurons were imaged to staining. We estimated a ratio by calculating the sum of these 50 pixels and dividing it by the 5 7 1 total number of pixels (150,000 pixels). Within each experiment, 14 animals from each condition 5 7 2 were quantified and all experiments were repeated at least three times on different days. Data were analyzed for significance using Student's t test and error bars represent SEM. H.E.L. conceived and conducted the experiments, interpreted the data, and co-wrote the paper. Z.T.C wrote the tracker program, analyzed the tracking data, and co-wrote the paper. Z. L. and data analysis. S.H.C. conceived the experiments, interpreted the data and co-wrote the paper. Glycobiology 11, 979-988. White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986) . The structure of the nervous Schematic of sensory integration assay with the copper barrier (blue) and animals at the origin compared to well-fed animals integrating 50mM copper sulfate with 1:500 diacetyl. Two-tailed
Student's t test ***p < 0.0001, n ≥ 9. (C) Compared to well-fed animals, food-deprived animals cross the copper sulfate barrier significantly more even when no attractant is presented in the 8 1 2 assay. Chemotaxis to diacetyl alone is not modified by food deprivation. One sample t test ***p also Figure S3 . in the intestine or body wall muscles but not neurons is sufficient to restore normal food 
